Calbindin-D28k is a calcium-binding protein that mediates intracellular calcium concentrations and exerts a neuroprotective effect against ischemic injury. Ferulic acid provides a neuroprotective effect against focal cerebral ischemia through its anti-oxidative and anti-inflammatory mechanisms. In this study, we investigated whether ferulic acid regulates calbindin-D28k expression during focal cerebral ischemia and glutamate treatment-induced neuronal cell death. Middle cerebral artery occlusion (MCAO) was performed to induce focal cerebral ischemia. Ferulic acid (100 mg/kg, i.v.) or vehicle was immediately administered after MCAO, and brain tissues were isolated 24 h after MCAO. RT-PCR and Western blot analyses showed a decrease in calbindin-D28k in MCAO-operated animals. We found that ferulic acid treatment prevented the MCAO-induced decrease in calbindin-D28k expression. Glutamate exposure elevated the intracellular calcium levels in cultured hippocampal cells, and ferulic acid prevented the glutamate exposure-induced increase in calcium levels. Moreover, ferulic acid also attenuated the glutamate toxicity-induced decrease in calbindin-D28k. Taken together, these in vivo and in vitro results demonstrate that ferulic acid regulates calbindin-D28k expression in neuronal cell injury. Therefore, these findings suggest that ferulic acid exerts a neuroprotective effect by modulating calbindin-D28k expression.
I. Introduction
Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is a phenolic compound in Anglica sinensis (AS) and Cnidium officinale Makino (CM). Both AS and CM have been used in traditional medicine for cerebrovascular and cardiovascular diseases. Ferulic acid has antioxidative and anti-inflammatory effects in focal cerebral ischemia (Cheng et al., 2008a) .
Moreover, ferulic acid diminishes the cerebral infarct volume and enhances neurological scores in a stroke animal model (Cheng et al., 2008a; 2008b) . We have also shown that ferulic acid exerts a neuroprotective effect following focal cerebral ischemia through various signaling pathways (Koh, 2012) .
Calcium-binding proteins (CaBPs) regulate the intracellular calcium concentration and maintain the calcium homeostasis system. Calbindin-D28k is a calcium-binding protein that is widely distributed in neurons and astrocytes of the nervous system (Baimbridge et al., 1992; Heizmann and Braun, 1992) . Calbindin-D28k contains EF-hand domains and binds calcium ions with high affinity, acting as an intracellular calcium sensor and a potential eliminator of intracellular calcium in neuronal injury (Baimbridge et al., 1992; Heizmann and Braun, 1992) . It has been demonstrated that cerebral ischemic injury induces an increase in intracellular calcium and mitochondrial dysfunction, leading to neuronal cell death (Starkov et al., 2004) . The excessive calcium elevation initiates cell death, however inhibitors of intracellular calcium influx prevent neuronal cell damage following ischemic injury (Orrenius and Nicotera, 1994; Kristián and Siesjö, 1998; Bano and Nicotera, 2007 (Cheng et al., 2008) . In short, ferulic acid (100 mg/kg) was dissolved in normal saline as a vehicle. Ferulic acid or vehicle was injected intravenously immediately after middle cerebral artery occlusion (MCAO).
Middle cerebral artery occlusion
Focal cerebral ischemia was induced as previously described for the MCAO method (Longa et al., 1996) . Animals were anesthetized with sodium pentobarbital (30 mg/kg) via intraperitoneal injection.
The right common carotid artery, external carotid artery, and internal carotid artery were exposed through a midline section. A 4/0 nylon filament with its tip rounded by heating was introduced into the right external carotid artery and advanced into the right internal carotid artery until a slight resistance was felt. Animals were sacrificed 24 h after the onset of MCAO.
RNA isolation and reverse transcription-PCR (RT-PCR) amplification
Total RNA was isolated using Trizol reagent sec at 54℃, 1 min at 72℃, and 10 min at 72℃.
The samples were amplified 30 cycles and the PCR product was loaded on a 1% agarose gel and visualized under UV light.
Western blot analysis
Western blot analysis was performed as previously described (Sung et al., 2012) . 
Cell culture
Mouse hippocampal (HT22) cells were cultured as previously described (Sung et al., 2012) . HT22 cells were incubated in Dulbecco's modified Eagle's medium (DMEM, without L-glutamine) supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA, USA), penicillin (100 unit/ml) (Gibco BRL, Gaithersburg, MD, USA), and streptomycin (100 ㎍/ml) at 37℃ in a humidified atmosphere containing 95% air and 5% CO2.
Glutamate (Sigma) was added to the media at a final concentration of 5 mM and cells were maintained for 24 h. Ferulic acid (1, 2.5, 5 mM) was applied 1 h before glutamate exposure.
Intracellular calcium concentration measurement
It is accepted that Fura-2/AM is a fluorescent intracellular calcium indicator (Malgaroli et al., 1987) .
The intracellular calcium concentration was measured using the calcium-sensitive fluorescent dye, Fura-2/AM (Malgaroli et al., 1987) . A fura-2/AM fluorescence dual-wavelength excitation method was performed as described previously (Grynkyewicz et al., 1985; Nakajima et al., 2000) . HT22 cells were incubated for 24 h after glutamate exposure in a 5% CO2 incubator at 37℃ HT22 cells were cultured in medium containing 10 μM fura-2/AM at 37℃ for 1 h, and excess fura-2/AM was removed prior to centrifuging the cells at 1,000 g for 5 min.
Fura-2/AM fluorescence signals of calcium were measured using a luminescence spectrophotometer (LS50B, Perkin Elmer, Boston, MA, USA) and Fura-2 fluorescence was examined by excitation at 340 nm and 380 nm and emission at 510 nm.
Fluorescence signals were analyzed using a MicroVax
Ⅱcomputer and software (Origin 7).
Statistical analysis
Data are expressed as mean ± S.E.M. 
III. Results

Transcript expression levels of calbindin-D28k after ferulic acid treatment in MCAO-operated animals
The results of RT-PCR showed that calbindin-D28k (Fig. 2) .
Calcium levels and calbindin-D28k protein expression levels by ferulic acid in glutamatetreated HT22 cells
In a previous study, ferulic acid treatment attenuates neuronal cell death from glutamate-induced toxicity (Koh, 2012) . Moreover, Figure 3A clearly shows that ferulic acid treatment prevents the glutamate-induced increase in intracellular calcium levels. Glutamate exposure dramatically increased intracellular calcium levels, whereas ferulic acid exerted a dose-dependent effect on the regulation of intracellular calcium levels (Fig. 3A) . Western blot analysis demonstrated that calbindin-D28k expression was decreased in the glutamate-exposed group, whereas ferulic acid treatment prevented this increase (Fig. 3B) . calbindin-D28k levels were 0.64 ± 0.03 in the glutamate-exposed group, and 0.88 ± 0.02 and 0.95 ± 0.01, in the ferulic acid-treated groups (1 mM and 2.5 mM of ferulic acid, respectively).
IV. Discussion
Ferulic acid is a phenolic compound that is produced in vegetables and fruit (Graf, 2000) . Ferulic acid acts as a strong anti-oxidant and also has potential anti-inflammatory properties (Cheng et al., 2008a; 2008b) . Ferulic acid protects neuronal cells against focal cerebral ischemic injury (Cheng et al., 2008a; 2008b) . We previously reported that ferulic acid treatment reduces the size of cerebral infarct and protects neuronal cells from cerebral ischemic injury (Koh, 2012 ). Our results demonstrate that ferulic acid treatment attenuates the MCAO-induced decrease in calbindin-D28k expression.
Calbindin-D28k buffers the intracellular calcium concentration and modulates calcium homeostasis in brain tissue (Korhonen et al., 2005 (Kanai et al., 1995) . However, the over-production of glutamate induces oxidative stress and neurotoxicity, resulting in neuronal cell death (Maher and Davis, 1996) . Glutamate neurotoxicity is involved in the neurodegenerative disease such as stroke and Alzheimer's diseases. Glutamate treatment leads to an increase in calcium influx and induces neuronal cell damage (Manev et al., 1989) . However, the decrease in calcium concentration by termination of glutamate treatment reduces neuronal degeneration (Manev et al., 1989) . Our previous study showed that ferulic acid treatment protects neuronal cells from glutamate exposure-induced toxicity (Koh, 2012) .
Moreover, the data of this study confirm that glutamate increases calcium levels and ferulic acid attenuates this increase. Glutamate exposure reduces calbindin-D28k expression, and ferulic acid treatment attenuates this decrease. In a previous study, sodium ferulate, a sodium salt of ferulic acid, significantly attenuated anoxia and reoxygenation-induced calcium overload and improved cell survival through the NO/cGMP/PKG signaling pathway (Chen et al., 2009 
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